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Milagro observations have found bright, diffuse TeV emission concentrated along the galactic plane of the
Milky Way. The intensity and spectrum of this emission is difficult to explain with current models where
γ-ray production is dominated by hadronic mechanisms, and has been named the “TeV excess”. We show
that TeV emission from pulsars naturally explains this excess. In particular, recent observations have detected
“TeV halos” surrounding pulsars that are either nearby or particularly luminous. Here, we show that the full
population of Milky Way pulsars will produce diffuse TeV emission concentrated along the Milky Way plane.
The total γ-ray flux from TeV halos is expected to exceed the hadronic γ-ray flux at energies above ∼500 GeV.
Moreover, the spectrum and intensity of TeV halo emission naturally matches the TeV excess. If this scenario is
common to all galaxies, it will decrease the contribution of star-forming galaxies to the IceCube neutrino flux.
Finally, we show that upcoming HAWC observations will resolve a significant fraction of the TeV excess into
individual TeV halos, conclusively confirming, or ruling out, this model.
Observations by the Milagro telescope have detected bright,
diffuse TeV γ-ray emission emanating from the Milky Way
galactic plane [1]. Early analyses considered the region of in-
terest (ROI) 40◦ < ` < 100◦ and |b| < 5◦, finding a diffuse
γ-ray flux of (6.4 ± 1.4 ± 2.1) × 10−11 cm−2s−1sr−1 at a
median energy of 3.5 TeV. This exceeds the diffuse γ-ray flux
predicted from local cosmic-ray measurements by nearly an
order of magnitude [2, 3], and has thus been dubbed the “TeV
excess” [2]. Subsequent observations detected this emission
at the even higher energy of 15 TeV, subdividing the ROI into
several sub-regions along the galactic plane in a smaller lati-
tude range |b|< 2◦ [4]. This excess was not observed at lower
energy in subsequent measurements by the ARGO-YBJ col-
laboration [5], a finding that is only consistent with the Mi-
lagro measurement if the spectrum of diffuse hadronic γ-ray
emission at TeV energies becomes significantly harder than
the α = -2.7 spectrum found at GeV energies.
Two classes of models have been posited to explain the
Milagro emission. The first utilizes standard cosmic-ray pro-
duction models, which are dominated by primary cosmic-ray
protons accelerated by supernovae. Fitting these models to
the TeV excess requires modifying cosmic-ray propagation.
Work by the Galprop and Milagro teams noted that, by re-
laxing constraints from local cosmic-ray measurements and
instead normalizing the Milagro flux to the observed Energetic
Gamma Ray Experiment Telescope (EGRET) excess [6], the
majority of the TeV excess could be explained by hadronic
diffuse emission [4]. However, three subsequent observa-
tions have challenged this interpretation. First, the Fermi-
LAT showed that the EGRET excess was an instrumental ar-
tifact [7], removing the impetus for renormalizing the diffuse
γ-ray spectrum. Second, AMS-02 measurements of the lo-
cal cosmic-ray proton spectrum have strongly constrained any
hardening of the local cosmic-ray proton spectrum [8]. Third,
ARGO-YBJ observations did not find a significant excess at
lower energies, which would necessitate a sharp (and unphys-
ical) break in the hadronic γ-ray spectrum [5].
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An alternative method of tuning cosmic-ray diffusion em-
ployed spatially variable cosmic-ray diffusion models to avoid
constraints from the locally observed cosmic-ray density [9].
In these models, the energy index of the diffusion coefficient
increases with galactocentric radius. This hardens the spec-
trum of the hadronic γ-rays near the Galactic center, while
keeping the local cosmic-ray spectrum consistent with obser-
vations. In addition to explaining the TeV excess [10], it is
argued that this model provides a better fit to the low-energy
diffuse γ-ray emission observed by the Fermi-LAT [9]. How-
ever, standard models of cosmic-ray diffusion also explain the
diffuse GeV γ-ray emission to within systematic errors [11].
Thus, while this model can explain the Milagro data, it is best
thought of as a fit to the TeV excess, rather than a result that
is strongly motivated by external theory or observation.
The second class of models produces additional TeV emis-
sion from a population of individually sub-threshold point
sources, which may have a harder TeV γ-ray spectrum than
the diffuse emission [2]. This new component would exceed
the intensity of the soft-spectrum diffuse γ-ray flux at high en-
ergies, while remaining subdominant at GeV energies. How-
ever, up until this point, no source class has been uncovered
that can reasonably produce both the spectrum and intensity
of Milagro observations.
We show that TeV γ-ray emission from young and mid-
dle aged pulsars must produce TeV emission with the inten-
sity and spectrum observed by Milagro. This work builds
upon existing observations by Milagro, the High Altitude Wa-
ter Cherenkov (HAWC) telescope [12], and the High Energy
Stereoscopic System (H.E.S.S.) [13]. Each telescope has ob-
served bright, spatially extended, emission coincident with
energetic pulsars. We show that this emission is typical of
all pulsars, and that the total emission from the population
of individually sub-threshold pulsars produces a diffuse γ-ray
emission matching the intensity of the TeV excess. More-
over, the very hard spectrum of TeV emission from pulsars
makes Milagro observations compatible with constraints from
ARGO-YBJ and the Fermi-LAT. We show that future observa-
tions by the HAWC telescope will resolve many of the sources
responsible for the TeV excess, allowing us to confirm or rule
out this model in the near future.
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2Observations of TeV Halos — Recent observations by Mi-
lagro [14], HAWC [15], and HESS [16] have found a number
of TeV γ-ray sources coincident with bright Australian Tele-
scope National Facility (ATNF) pulsars [17]. These sources
have several key features. First, they have a hard γ-ray spec-
trum (∼E−2.2) consistent with γ-ray emission generated by
the inverse-Compton scattering of the same e+e− population
that produces the synchrotron emission observed in x-ray pul-
sar wind nebulae (hereafter, PWN) [18, 19]. Second, they are
bright, with a γ-ray intensity which indicates that ∼10% of
the pulsar spin-down power is converted into e+e− pairs [19].
Third, they are large, with a radial extent that increases as a
function of the pulsar age and typically extends to >∼10 pc for
pulsars of ages >∼100 kyr. This final observation is difficult to
explain in the context of PWN, whose size can be accurately
modeled by calculating an equilibrium distance between the
energy density of the relativistic pulsar wind (which decreases
as a function of the pulsar age), and the interstellar medium.
Observed PWN have radial extents of ∼1 pc, filling a volume
three orders of magnitude smaller than the TeV emission. The
scale of the TeV emission requires a new physical model, and
these sources have thus been termed “TeV halos” [20].
Because the rotational kinetic energy of the pulsar is the ul-
timate power-source of all PWN and TeV halo emission, the
high luminosity of TeV halos place strong constraints on ev-
ery phase of γ-ray generation. First, pulsars must efficiently
convert a significant fraction of their total spin-down power
into e+e− pairs. Second, high-energy (>∼10 TeV) e+e− elec-
trons and positrons must lose a significant fraction of their
total energy to synchrotron or inverse-Compton cooling be-
fore exiting the TeV halo. Third, inverse-Compton scattering
must constitute a reasonable fraction of the total e+e− energy
loss rate. In the case of the well-studied Geminga pulsar, the
best fit models indicate that between 7-29% of the total pul-
sar spin-down energy is converted into e+e− pairs, that e+e−
with energies >∼10 TeV lose more than 85% of their total en-
ergy before leaving the TeV halo, and that approximately half
of that cooling proceeds via inverse-Compton scattering [19].
At present, TeV halos are observed from only a handful
of pulsars that are either highly energetic, or relatively nearby.
However, preliminary evidence strongly suggests that TeV ha-
los are a generic feature of all young and middle-aged pulsars.
Momentarily constraining our analysis to pulsars older than
100 kyr, in order to remove any contamination from super-
nova remnants, we note that the ATNF catalog lists 57 pul-
sars with reliable distance estimates that overlap the HAWC
field of view. Assuming that the TeV halo flux of each sys-
tem scales linearly with the pulsar spin-down energy and is
inversely proportional to the square of its distance, we can
produce a ranked list of the expected TeV halo flux. Five of
the seven brightest systems are currently detected by HAWC,
while none of the dimmer systems have an observed TeV asso-
ciation [20]. This is compatible with the expected flux of each
system, calculated by normalizing the TeV halo efficiency to
Geminga. If TeV halos are, in fact, a generic feature of young
and middle-aged pulsars, the ensemble of these dimmer sys-
tems is expected to provide a bright TeV γ-ray flux which
cannot (at present) be separated into individual TeV halos.
Models for the Hadronic Gamma Rays — To determine
whether TeV halos can produce the diffuse γ-ray emission ob-
served by Milagro, we use a background model for the diffuse
γ-ray emission from standard astrophysical processes. Specif-
ically, we utilize the ensemble of 128 models developed by
the Fermi-LAT collaboration to explain the diffuse GeV γ-
ray flux [11]. These models employ the cosmic-ray propaga-
tion code Galprop, which physically models the production,
propagation, and diffuse emission of cosmic-rays throughout
the Milky Way [21, 22]. The primary cosmic-rays injected
in these models are dominated by protons accelerated by su-
pernovae, and thus we refer to this emission as a “hadronic
background”, even though it includes some emission from pri-
mary and secondary leptons. As opposed to the models devel-
oped by [9, 10], these models are not tuned to explain the
TeV excess, making them a natural choice to investigate the
TeV halo contribution to the Milagro data. Additionally, these
models span a wide parameter space of reasonable diffusion
parameters, diffusion halo heights, molecular gas temperature
models, and supernova injection morphologies. However, it
is worth noting that, because these models are tuned to fit the
diffuse emission spectrum observed by the Fermi-LAT, and
include no additional physical features at TeV energies, they
produce fairly similar predictions for the diffuse γ-ray flux.
While the output from all 128 Galprop models is pub-
licly available, these simulations were terminated at a γ-ray
energy of 1 TeV. We re-run each Galprop model, extend-
ing the maximum cosmic-ray proton energy to 10 PeV, and
the maximum γ-ray energy to 100 TeV. The maximum energy
in our model does not affect our results. As there is no evi-
dence (outside of the TeV excess) for new cosmic-ray physics
at TeV energies, this provides a straightforward extrapolation
of our understanding of GeV cosmic-ray physics to TeV en-
ergies. For each Galprop model, we calculate the average
hadronic γ-ray flux in both Milagro ROIs, finding that they
significantly underproduce the observed signal.
Models for the TeV Halo Flux — Because Galprop pro-
duces a physical model for the diffuse γ-ray emission from
cosmic-ray propagation, Galprop self-consistently calcu-
lates the Milky Way supernova rate in the Milagro ROI. This
provides a normalization for the pulsar birth rate, which we
use to calculate the TeV halo formation rate. We assume that
all supernovae produce pulsars. This is a mild overestimate –
but it affects the TeV halo intensity linearly and is degenerate
with several assumptions in this study. While pulsars obtain
a significant natal kick due to asymmetries in the supernova
explosion [23], a typical kick of ∼400 km/s moves a pulsar
only ∼40 pc over the 100 kyr period where a pulsar produces
most of its TeV halo emission. We ignore this effect.
The injected cosmic-ray proton luminosity in our
Galprop models lies between 0.69 - 1.2 × 1040 erg s−1.
Assuming that each supernova injects 1051 erg in kinetic
energy and 10% of this energy is emitted in cosmic-ray
protons, this corresponds to a supernova rate in the Milagro
ROI of 0.0021—0.0037 yr−1, and a total Milky Way rate of
∼0.015 yr−1. This matches observations that find the Milky
Way supernova rate to be 0.019±0.011 yr−1 [24].
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FIG. 1. The contribution of sub-threshold TeV halos to the diffuse γ-
ray emission along the Galactic plane in the region 40◦ < ` < 100◦,
and |b|< 5◦, compared to observations by the Fermi-LAT (described
in text), ARGO-YBJ [5] and Milagro [1]. The background (blue)
corresponds to the predictions of 128 Galprop models of diffuse γ-
ray emission [11], and the diffuse contribution from TeV halos (red)
is described in the text. TeV halos naturally reproduce the TeV excess
observed by Milagro, while remaining consistent with ARGO-YBJ
observations. The dashed red region indicates additional uncertainty
due to our ignorance of low-energy e+e− from TeV halos.
We utilize Monte Carlo methods to produce a steady-state
pulsar population normalized to the supernova rate and mor-
phology of each Galprop model. Each model is, in turn,
normalized to the observed distributions of OB stars [25], pul-
sars [26–28], or supernova remnants [29]. We calculate the γ-
ray luminosity of each TeV halo following [30]. Specifically,
we pick an initial period at time t = 0 following a Gaussian
with µp = 0.3s and σp = 0.15s, and an initial magnetic field
following a Gaussian in log-space with log10(µB /1 G) = 12.65
and σB = 0.55 [31]. We then pick a random pulsar age be-
tween 0 and 10 Myr, and spin the pulsar down with a charac-
teristic timescale [32]:
τ =
3c3IP 20
4pi2B20R
6
(1)
where we assume I=1045 cm2g and R=15 km. The period of
the pulsar evolves following P(t) = P0(1+t/τ )1/2. The spin-
down energy of the pulsar is calculated following [32]:
E˙ = −8pi
4B20R
6
3c3P (t)4
(2)
We assume that 10% of the spin-down power is transferred
into e+e− pairs above 1 GeV. This is consistent with our
model of Geminga, which indicates that between 7–29% of
its total spin-down power is transferred into e+e− pairs [19].
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FIG. 2. Same as Figure 1 in the smaller region 65◦ < ` < 85◦, and
|b| < 2◦ examined by Milagro [4] at the significant higher energy
of 15 TeV, as well as ARGO-YBJ [5]. ARGO-YBJ observations
are quoted in the latitude range |b| <5◦. To correct for this, we
renormalize the ARGO-YBJ points based on the ratio of the modeled
Galprop diffuse emission flux in the |b| <2◦ and |b| <5◦ ROIs.
This increases the normalization of the three ARGO-YBJ points by
38%, 40% and 42%, respectively.
We adopt an e+e− injection spectrum following a power-law
with an exponential cutoff, allowing the parameters α and
Ecut to vary to fit the Milagro data. We find best-fit values
of α ∼ 1.7 and Ecut ∼ 100 TeV. These results are consistent
with our model of Geminga, where we found best-fit values
of 1.5 < α < 1.9 and 35 TeV < Ecut < 67 TeV, as well
as models of the TeV Halo contribution to the HESS galactic
center γ-rays, where we obtained best fit values of α = 2.2
and Ecut = 100 TeV [30]. We stress that these spectra all pro-
vide similar fits to the data, and these results are affected by
many uncertainties, e.g: the source-to-source variation in the
e+e− injection spectrum, the cooling efficiency of TeV halos,
and the systematic uncertainties in γ-ray energy reconstruc-
tion between different telescopes.
These electrons are subsequently cooled through a combi-
nation of inverse-Compton scattering and synchrotron emis-
sion. TeV halos cannot significantly contribute to either
the magnetic field energy density or interstellar radiation
field (ISRF) energy density over their ∼10 pc extent [19,
20], and thus we adopt values typical of the Milky Way
plane: specifically a magnetic field strength of B = 3 µG
(0.22 eV cm−3), and an interstellar radiation field energy den-
sity of 1.56 eV cm−3. We subdivide the ISRF into a CMB
energy density of 0.26 eV cm−3 with a typical photon energy
of 2.3×10−4 eV, an infrared energy density of 0.6 eV cm−3
with a typical photon energy of 1.73 × 10−3 eV, an optical
energy density of 0.6 eV cm−3 with a typical photon energy
of 0.43 eV, and a UV energy density of 0.1 eV cm−3 with a
typical photon energy of 1.73 eV [30].
4Unlike the case of individual TeV halos, where e+e− be-
low ∼10 TeV can potentially escape before losing their en-
ergy [19], the diffuse e+e− population from an ensemble of
TeV halos is further cooled while propagating through the in-
terstellar medium. Assuming a standard diffusion constant of
D0 = 5×1028 cm2 s−1 at 1 GV and a Kolmogorov diffusion
index δ = 0.33, e+e− travel only 0.38 kpc (E−0.33/1 GeV)
before losing energy, implying that e+e− with initial energy
above ∼50 GeV fully cool before leaving the galactic plane.
Thus, we assume that the e+e− population is in steady state
and fully cooled. This assumption fails only at very low en-
ergies where the TeV halo contribution is highly subdominant
to the hadronic background. Using this cooled electron spec-
trum, we calculate the inverse-Compton scattering γ-ray spec-
trum and intensity, taking into account the Klein-Nishina sup-
pression of inverse-Compton scattering [30, 33].
Finally, we note that our Monte Carlo model could (theoret-
ically) produce a single very bright, or very nearby, TeV halo
that would dominate the total emission. However, this sce-
nario is ruled out by Milagro, which would have resolved such
a source. Milagro barely resolved the extended TeV emission
from Geminga [14], thus we conservatively exclude contribu-
tions from any individual TeV halo with a γ-ray flux exceed-
ing Geminga, (4.27×10−9 erg cm−2 s−1). We note that our
model indicates that only ∼1 source brighter than Geminga
should exist in our region of interest, and thus eliminating this
source is consistent with Poisson fluctuations.
The Gamma-Ray Emission from the Galactic Plane — In
Figures 1 and 2 we show the key result of this paper. At ener-
gies exceeding∼500 GeV, the diffuse γ-ray flux from leptonic
TeV halos becomes significantly brighter than the diffuse γ-
ray flux from hadronic processes. In particular, at the energies
of 3.5 TeV and 15 TeV (probed by Milagro) the flux from TeV
halos exceeds the standard γ-ray background by factors of∼3
and ∼8, respectively. Additionally, the hard spectrum of TeV
halos simultaneously fits both the bright Milagro TeV emis-
sion and with the dimmer ∼400-1700 GeV diffuse γ-ray flux
observed by ARGO-YBJ. This is intriguing, as an unphysical
break in the TeV proton spectrum would be necessary to pro-
duce any such feature with hadronic γ-ray emission. For clar-
ity, we do not show relevant (but less sensitive) results from
Whipple [34], HEGRA [35], TIBET-II or TIBET-III [36], not-
ing that our model is consistent with the upper-limits of each
study. PeV γ-ray constraints from CASA-MIA [37] and KAS-
CADE [38] may be relevant if we did not include an exponen-
tially suppressed e+e− spectrum above 100 TeV. We note that
this cutoff is both physically motivated by PWN acceleration
models [32] and preferred by our fit to the Geminga data [19].
At GeV energies, our model fits the diffuse γ-ray flux ob-
served by the Fermi-LAT. This is expected, as hadronic emis-
sion dominates the diffuse GeV flux, and we use Galprop
models that have been tuned to Fermi data. To calculate the
diffuse GeV γ-ray flux, we analyze 8.5 yr of Fermi data using
standard analysis cuts. We calculate the flux from the Pass
8 diffuse emission model in a binned analysis of the region
40◦ < ` < 100◦, and |b| < 5◦, allowing the normalization of
all 3FGL sources and the intensity of the diffuse and isotropic
components to vary in 0.1◦ angular bins and five energy bins
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FIG. 3. Contributions to the TeV excess as a function of the flux of
individual TeV halos, modeled in the region 40◦ < ` < 100◦, and
|b| < 5◦. We normalize our results to 7 TeV [15], and assume that
individual TeV halos convert their spin-down luminosity into 7 TeV
γ-rays with an identical efficiency as Geminga. Vertical lines cor-
respond to the TeV halo flux of Geminga, and the projected 10 yr
HAWC sensitivity. Results are shown for the total γ-ray flux (F
dN/dlog10(F), black, left y-axis), which indicates that a reasonable
fraction of the total γ-ray intensity stems from the brightest TeV ha-
los, as well as for the source count (dN/dlog10(F), blue, right y-axis),
which indicates that 10 yr HAWC observations are expected to ob-
serve∼50 TeV halos in the ROI. For illustrative purposes, in this plot
we show the contribution from TeV halos with individual fluxes ex-
ceeding Geminga, predicting the existence of only ∼1 such system.
per decade spanning the range 189 MeV - 47.5 GeV. The sta-
tistical errors on the diffuse flux are small, and we instead
show a 30% systematic error band corresponding to uncer-
tainties in the effective area and energy reconstruction of the
Fermi-LAT [11]. In the smaller ROI, we find that the limited
latitude range makes this analysis difficult, and we instead re-
normalize the results from our larger ROI based on the relative
diffuse emission intensity at 1 GeV in both models.
To fit the γ-ray data, we utilized a power-law electron in-
jection spectrum α = 1.7 with Ecut = 100 TeV, which is
slightly harder than that required to fit HAWC observations
of Geminga [19] or the diffuse galactic center γ-ray emission
observed by HESS [30]. The necessity for a harder e+e− in-
jection spectrum is entirely driven by Milagro observation of
bright diffuse emission at 15 TeV in the smaller ROI, which
is hard to fit with an e+e− spectrum that is exponentially sup-
pressed at∼50 TeV. We note, however, that the e+e− injection
spectrum in our model is degenerate with both the efficiency
of electron cooling in the Milky Way plane, as well as the
strength of the interstellar magnetic field, which provides the
only alternative cooling pathway for high-energy electrons.
Additional observations of TeV halos with well-known spec-
tra will be necessary to determine the range of reasonable val-
ues for the TeV halo electron injection spectrum.
5In addition to calculating the total diffuse intensity, our
model can also determine the individual fluxes of TeV halos
that contribute to the Milagro excess. In Figure 3 we show
the differential contribution to both the total TeV halo num-
ber density and the total TeV halo flux as a function of the
individual γ-ray flux of individual TeV halos. We show re-
sults for the larger 40◦ < ` < 100◦, |b|< 5◦ ROI. Because we
care about the emission from individual objects, in this case
we do not fully cool the e+e− spectrum, but instead show the
differential flux at an energy of 7 TeV, corresponding to the
quoted energy scale of TeV sources listed in the 2HWC cata-
log [15]. The fluxes of each individual TeV halo are calculated
assuming that each source converts the same fraction of its to-
tal spin-down power into 7 TeV γ-ray emission, utilizing the
observed flux of Geminga as a template [19, 20].
We note three critical results. First, our model correctly
predicts that O(1) TeV halo as bright as Geminga should ex-
ist in the Milagro ROI. In fact, three TeV sources brighter
than Geminga are observed by HAWC in this region: 2HWC
J2031+415, 2HWC J2019+367, and 2HWC J1908+063. All
three sources are best fit by spatially extended γ-ray templates
and overlap the positions of known ATNF pulsars. These ob-
servations indicate that they are TeV halo candidates [20]. We
note that the latter two sources are coincident with very young
pulsars where TeV γ-ray emission may also be produced by
the supernova remnant. Second, we find that 10 yr HAWC
observations are likely to definitively prove this correlation,
finding ∼50 individual TeV halos in the Milagro ROI. Third,
we find that a significant fraction of the total diffuse TeV halo
intensity is produced by systems that individually exceed 1%
of the Geminga flux. Our model thus provides a clear and
testable hypothesis: a significant fraction of the TeV excess
will be resolved into individual TeV halos by future HAWC
observations.
Conclusions— In this paper, we have assumed that the
TeV emission observed from Geminga is typical of young
and middle-aged pulsars in the Milky Way. This hypothe-
sis is supported by the observation of O(10) TeV halos with
characteristics similar to Geminga, and the lack of any ob-
servations which rule out TeV halos in systems where they
are expected. In particular, we have assumed that all pul-
sars younger than 10 Myr convert ∼10% of their spin-down
power to relativistic e+e− pairs, which subsequently cool via
inverse-Compton scattering of the ambient interstellar radia-
tion field. These pulsars naturally produce a population of
individually sub-threshold TeV halos that power a bright dif-
fuse TeV γ-ray flux. Intriguingly, the total contribution of
TeV halos to the diffuse γ-ray flux exceeds the total contribu-
tion of hadronic cosmic rays from supernovae at energies ex-
ceeding ∼500 GeV. Moreover, the intensity and spectrum of
this emission closely matches the observed TeV excess found
in the Milagro data, removing the tension between the soft
proton spectrum measured by local cosmic-ray experiments
and the hard proton spectrum required by TeV γ-ray obser-
vations [10]. Since extragalactic γ-rays are highly attenuated
at TeV energies, our results imply that the TeV γ-ray sky is
expected to be dominated by leptonic processes.
This result has important implications for the source of
the very-high-energy neutrinos observed by IceCube [39, 40].
Rapidly star-forming galaxies (SFG) are a leading source can-
didate for the IceCube neutrinos [41–52]. Since no very-high
energy emission has been observed from SFGs, their very-
high energy neutrino flux must be extrapolated from GeV
γ-ray observations, an extrapolation which assumes a purely
hadronic model. Our model indicates that a significant frac-
tion of the TeV γ-ray flux in SFGs is produced by leptonic
TeV halos, which do not produce neutrinos. Thus TeV halos
necessarily decrease the predicted SFG neutrino flux. How-
ever, the TeV halo contribution at GeV energies is unknown,
and multiple uncertainties exist, including: the low-energy
spectrum and intensity of TeV halos, the “calorimetry” of
cosmic-ray protons in rapidly star-forming galaxies, and the
energy-scale scale that statistically dominates the γ-ray spec-
tral determination from SFGs. However, we note that cur-
rent models have found a best-fit SFG γ-ray spectral index
of α = -2.3, which already implies that SFGs contribute less
than ∼10% of the PeV neutrino flux [49, 52]. Even small γ-
ray contributions from TeV halos will continue to make SFG
interpretations of the IceCube neutrinos more untenable.
Finally, we note that this model is imminently testable. In
particular, our analysis indicates that most TeV γ-ray sources
are TeV halos [20] — and we predict that 10 yr HAWC obser-
vations will observe O(50) TeV halos coincident with radio
pulsars [20]. Furthermore, these observations will resolve a
significant fraction of the TeV excess into individual TeV ha-
los, clearly confirming, or ruling out, the TeV halo origin of
the Milagro excess.
ACKNOWLEDGEMENTS
We thank John Beacom, Ilias Cholis, Daniele Gaggero, and
Dan Hooper for a number of useful comments which greatly
improved the quality of this manuscript. TL acknowledges
support from NSF Grant PHY-1404311 to John Beacom.
[1] R. Atkins et al. (Milagro), Phys. Rev. Lett. 95, 251103 (2005),
arXiv:astro-ph/0502303 [astro-ph].
[2] T. Prodanovic, B. D. Fields, and J. F. Beacom, Astropart. Phys.
27, 10 (2007), arXiv:astro-ph/0603618 [astro-ph].
[3] C. Evoli, D. Grasso, and L. Maccione, JCAP 0706, 003 (2007),
arXiv:astro-ph/0701856 [astro-ph].
[4] A. A. Abdo et al., Astrophys. J. 688, 1078 (2008),
arXiv:0805.0417 [astro-ph].
[5] B. Bartoli et al. (ARGO-YBJ), Astrophys. J. 806, 20 (2015),
arXiv:1507.06758 [astro-ph.IM].
[6] S. D. Hunter, D. L. Bertsch, J. R. Catelli, T. M. Dame, S. W.
Digel, B. L. Dingus, J. A. Esposito, C. E. Fichtel, R. C. Hart-
man, G. Kanbach, D. A. Kniffen, Y. C. Lin, H. A. Mayer-
6Hasselwander, P. F. Michelson, C. von Montigny, R. Mukher-
jee, P. L. Nolan, E. Schneid, P. Sreekumar, P. Thaddeus, and
D. J. Thompson, ApJ 481, 205 (1997).
[7] T. A. Porter and for the Fermi LAT Collaboration, ArXiv e-
prints (2009), arXiv:0907.0294 [astro-ph.HE].
[8] M. Aguilar et al. (AMS), Phys. Rev. Lett. 114, 171103 (2015).
[9] D. Gaggero, A. Urbano, M. Valli, and P. Ullio, Phys. Rev. D91,
083012 (2015), arXiv:1411.7623 [astro-ph.HE].
[10] D. Gaggero, D. Grasso, A. Marinelli, A. Urbano, and
M. Valli, Astrophys. J. 815, L25 (2015), arXiv:1504.00227
[astro-ph.HE].
[11] M. Ackermann et al. (Fermi-LAT), Astrophys. J. 750, 3 (2012),
arXiv:1202.4039 [astro-ph.HE].
[12] A. U. Abeysekara et al., Astropart. Phys. 50-52, 26 (2013),
arXiv:1306.5800 [astro-ph.HE].
[13] F. Aharonian et al. (H.E.S.S.), Astropart. Phys. 22, 109 (2004),
arXiv:astro-ph/0406658 [astro-ph].
[14] A. A. Abdo, B. T. Allen, T. Aune, D. Berley, C. Chen, G. E.
Christopher, T. DeYoung, B. L. Dingus, R. W. Ellsworth, M. M.
Gonzalez, J. A. Goodman, E. Hays, C. M. Hoffman, P. H.
Hu¨ntemeyer, B. E. Kolterman, J. T. Linnemann, J. E. McEnery,
T. Morgan, A. I. Mincer, P. Nemethy, J. Pretz, J. M. Ryan, P. M.
Saz Parkinson, A. Shoup, G. Sinnis, A. J. Smith, V. Vasileiou,
G. P. Walker, D. A. Williams, and G. B. Yodh, ApJ 700, L127
(2009), arXiv:0904.1018 [astro-ph.HE].
[15] A. U. Abeysekara et al., (2017), arXiv:1702.02992 [astro-
ph.HE].
[16] H. Abdalla et al. (HESS), (2017), arXiv:1702.08280 [astro-
ph.HE].
[17] R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs, As-
tron. J. 129, 1993 (2005), arXiv:astro-ph/0412641 [astro-ph].
[18] H. Yuksel, M. D. Kistler, and T. Stanev, Phys. Rev. Lett. 103,
051101 (2009), arXiv:0810.2784 [astro-ph].
[19] D. Hooper, I. Cholis, T. Linden, and K. Fang, Submitted to:
JCAP (2017), arXiv:1702.08436 [astro-ph.HE].
[20] T. Linden, K. Auchettl, J. Bramante, I. Cholis, K. Fang,
D. Hooper, T. Karwal, and S. W. Li, Submitted to: Phys. Rev.
D (2017), arXiv:1703.09704 [astro-ph.HE].
[21] A. W. Strong, I. V. Moskalenko, and O. Reimer, Astrophys.
J. 537, 763 (2000), [Erratum: Astrophys. J.541,1109(2000)],
arXiv:astro-ph/9811296 [astro-ph].
[22] A. W. Strong, I. V. Moskalenko, T. A. Porter, G. Johannesson,
E. Orlando, and S. W. Digel, (2009), arXiv:0907.0559 [astro-
ph.HE].
[23] G. Hobbs, D. R. Lorimer, A. G. Lyne, and M. Kramer,
Mon. Not. Roy. Astron. Soc. 360, 974 (2005), arXiv:astro-
ph/0504584 [astro-ph].
[24] R. Diehl et al., Nature 439, 45 (2006), arXiv:astro-ph/0601015
[astro-ph].
[25] L. Bronfman, S. Casassus, J. May, and L. A. Nyman, Astron.
Astrophys. 358, 521 (2000), arXiv:astro-ph/0006104 [astro-
ph].
[26] D. R. Lorimer, IAU Symposium 218: Young Neutron Stars
and Their Environment Sydney, Australia, July 14-17, 2003,
(2003), [IAU Symp.218,105(2004)], arXiv:astro-ph/0308501
[astro-ph].
[27] I. Yusifov and I. Kucuk, Astron. Astrophys. 422, 545 (2004),
arXiv:astro-ph/0405559 [astro-ph].
[28] D. R. Lorimer et al., Mon. Not. Roy. Astron. Soc. 372, 777
(2006), arXiv:astro-ph/0607640 [astro-ph].
[29] G. L. Case and D. Bhattacharya, Astrophys. J. 504, 761 (1998),
arXiv:astro-ph/9807162 [astro-ph].
[30] D. Hooper, I. Cholis, and T. Linden, (2017), arXiv:1705.09293
[astro-ph.HE].
[31] S. Bates, D. Lorimer, A. Rane, and J. Swiggum, Mon. Not.
Roy. Astron. Soc. 439, 2893 (2014), arXiv:1311.3427 [astro-
ph.IM].
[32] B. M. Gaensler and P. O. Slane, Ann. Rev. Astron. Astrophys.
44, 17 (2006), arXiv:astro-ph/0601081 [astro-ph].
[33] G. R. Blumenthal and R. J. Gould, Rev. Mod. Phys. 42, 237
(1970).
[34] S. LeBohec et al., Astrophys. J. 539, 209 (2000), arXiv:astro-
ph/0003265 [astro-ph].
[35] F. A. Aharonian et al. (HEGRA), Astropart. Phys. 17, 459
(2002), arXiv:astro-ph/0109145 [astro-ph].
[36] M. Amenomori et al. (Tibet AS Gamma), Proceedings, 35th
COSPAR Scientific Assembly: H0.2 Particle Astrophysics
event: Paris, France, July 18-25, 2004, Adv. Space Res. 37,
1932 (2006), arXiv:astro-ph/0511514 [astro-ph].
[37] A. Borione et al., Astrophys. J. 493, 175 (1998), arXiv:astro-
ph/9703063 [astro-ph].
[38] G. Schatz et al., in Proceedings, 28th International Cosmic Ray
Conference (ICRC 2003): Tsukuba, Japan, July 31-August 7,
2003 (2003) pp. 2293–2296.
[39] M. G. Aartsen et al. (IceCube), Science 342, 1242856 (2013),
arXiv:1311.5238 [astro-ph.HE].
[40] M. G. Aartsen et al. (IceCube), Astrophys. J. 809, 98 (2015),
arXiv:1507.03991 [astro-ph.HE].
[41] A. Loeb and E. Waxman, JCAP 0605, 003 (2006), arXiv:astro-
ph/0601695 [astro-ph].
[42] F. W. Stecker, Astropart. Phys. 26, 398 (2007), arXiv:astro-
ph/0607197 [astro-ph].
[43] K. Murase, M. Ahlers, and B. C. Lacki, Phys. Rev. D88,
121301 (2013), arXiv:1306.3417 [astro-ph.HE].
[44] L. A. Anchordoqui, T. C. Paul, L. H. M. da Silva, D. F.
Torres, and B. J. Vlcek, Phys. Rev. D89, 127304 (2014),
arXiv:1405.7648 [astro-ph.HE].
[45] X.-C. Chang, R.-Y. Liu, and X.-Y. Wang, Astrophys. J. 805, 95
(2015), arXiv:1412.8361 [astro-ph.HE].
[46] I. Tamborra, S. Ando, and K. Murase, JCAP 1409, 043 (2014),
arXiv:1404.1189 [astro-ph.HE].
[47] N. Senno, P. Mszros, K. Murase, P. Baerwald, and M. J. Rees,
Astrophys. J. 806, 24 (2015), arXiv:1501.04934 [astro-ph.HE].
[48] K. Emig, C. Lunardini, and R. Windhorst, JCAP 1512, 029
(2015), arXiv:1507.05711 [astro-ph.HE].
[49] K. Bechtol, M. Ahlers, M. Di Mauro, M. Ajello, and J. Van-
denbroucke, Astrophys. J. 836, 47 (2017), arXiv:1511.00688
[astro-ph.HE].
[50] R. Moharana and S. Razzaque, JCAP 1612, 021 (2016),
arXiv:1606.04420 [astro-ph.HE].
[51] S. Chakraborty and I. Izaguirre, (2016), arXiv:1607.03361
[astro-ph.HE].
[52] T. Linden, (2016), arXiv:1612.03175 [astro-ph.HE].
